To elucidate possible immune mechanisms in the pathogenesis of myocarditis, we examined, by immunofluorescence techniques, the serial changes in lymphocyte subsets in the heart, spleen, and peripheral blood of C3H/He mice inoculated with coxsackievirus B3 (experiment I). B cells were identified by staining with fluorescein isothiocyanate-labeled rabbit antimouse immunoglobulin. T cell subsets were demonstrated with rat anti-Thy 1.2, anti-Lyt 1, anti-Lyt 2, and anti-L3T4 monoclonal antibodies, respectively, plus fluorescein isothiocyanate-labeled antimouse immunoglobin. The percent of Thy 1.2k, Lyt 1+, and L3T4+ cells was decreased in the peripheral blood on days 3, 7, and 14. B cells were increased on day 3. In contrast, Thy 1.2+ (pan T) or Lyt 1 + cells appeared to occupy the major portion of the myocardium on days 7 and 14, when myocarditis was most severe, while B cells were sparse. For confirmation, serial immunohistologic studies (immunoperoxidase staining) of the hearts of C3H/He mice with coxsackievirus B3 myocarditis were performed (experiment II). Most of the stained cells in the heart were Thy 1.2, Lyt 1, and Lyt 2 positive on days 7 and 14. Thus, independent methods demonstrate that specific antigenic markers on lymphyocytes at the site of inflammation in the acute stage of viral myocarditis differ from those on corresponding peripheral lymphocytes, and suggest the possible involvement of Thy 1.2+ (pan T) cells, mainly the Lyt 1 + and Lyt 2+ subsets (immature T cells), in the development of myocarditis in this preparation. Circulation 77, No. 3, 645-653, 1988. ACUTE MYOCARDITIS is characterized by lymphoid infiltration of the heart and myocardial cell necrosis.1' 2 Abnormal behavior of the immune system has been postulated as a pathogenic mechanism of subacute and chronic myocardial dysfunction or dilated cardiomyopathy, recognized as sequelae of acute myocarditis.3 13 An initial step in elucidating the pathogenesis of this disease is the characterization of the regulatory lymphocytes at the site of inflammation.
cells in the peripheral blood of patients with myocarditis, dilated cardiomyopathy, 11-13 and autoimmune disorders. 14 17 The most commonly identified agents in cases of human myocarditis are enteroviruses,l which contain a simple RNA genome surrounded by a capsid composed of four distinctive polypeptides with cubic symmetry. Coxsackieviruses B types are the predominant cause of viral myocarditis in man.1' 2 18 Recently, we found severe myocarditis in C3H/He mice after experimental coxsackievirus B3 infection .19 In the present study, we used an immunofluorescence method to examine the serial changes of lymphocyte subsets in the heart, spleen, and peripheral blood of C3H/He mice inoculated with coxsackievirus B3 (experiment I). In parallel, serial immunohistologic changes in the heart of C3H/He mice with coxsackievirus B3 myocarditis were investigated by an independent method (experiment II). The possible role of the infiltrating T cell subsets in the development ofviral myocarditis was considered.
Methods
Animals. Two-week-old male C3H/He mice (Jackson Laboratory) were held with mother mice for 7 days before the experiment in a single, self-contained animal isolation room to exclude prediseased animals. They were maintained in filtertopped cages and handled with gloves by gowned and masked personnel. The intraperiotoneal route was used for infection with virus.
Virus. Coxsackievirus B3 (Nancy strain) (American Type Culture Collection) was used; the virus stock was prepared in cultures of VERO (kidney of African green monkey) cells in Eagle's minimum essential medium. Viral suspensions were centrifuged after the cytopathic effect had developed. Viral stock had a titer of more than i0O plaque-forming units (pfu) per 0.1 ml, as determined by plaque assay. Viral fluid was stored at -70°C until use. Experiment I. Inbred C3Hl/He mice (n = 124) 3 weeks of age were inoculated intraperitoneally with 0.1 ml of viral suspension containing 3 x 103 pfi/0. 1 ml. This infecting dose had been predetermined by serial dilution dosage studies in mice of comparable age and an identical strain. After identification of myocarditis from the gross appearance of the heart (yellowishwhite patches on the surface), the heart, spleen, and peripheral blood were processed for the serial determination of lymphocyte subsets.
Staining methods were similar to those described previously.2`1 The spleen or heart was minced gently with a sterile stainless mesh. The heart samples from six to eight animals were pooled to obtain an adequate number of lymphocytes. After mincing, the cell suspension was rapidly pipetted with a sterile Pasteur pipette into 20 to 25 ml of Hanks' balanced salt solution (HBSS), filtered through nylon mesh to eliminate debris, and centrifuged at 1500 rpm for 5 min. The cells were washed twice with HBSS. Peripheral blood (0.8 to 1.1 ml) was collected in heparin and washed twice with HBSS. The red blood cells in the peripheral blood were lysed by hypotonic shock. The lymphocyte fractions of these samples were obtained by Ficoll gradient 646 centrifugation21; the suspensions were layered carefully over 4 ml of Ficoll and centrifuged at 2000 rpm for 15 min. The lymphocytes were stained with 0.2% trypan blue and then counted in a standard hemocytometer. Cell viability was at least 95% as determined by trypan blue dye exclusion tests. The cells were finally suspended at a concentration of 1 x 106' cells/ml in RPMI-1640 media with 2.5% fetal calf serum and 0.1% NaN3. B cells were identified by staining with fluorescein isothiocyanate-labeled rabbit antimouse immunoglobulin (Miles Scientific). T cells were stained by use of monoclonal rat anti-Thy 1.2 (Becton Dickinson), and monoclonal rat anti-Lyt 1 (Becton Dickinson), rat anti-Lyt 2 (Becton Dickinson), rat anti-L3T4 (Becton Dickinson), and rat anti-Lyt 1 plus rat anti-Lyt 2 as the first layer of antibodies22 and fluorescein isothiocyanate-labeled rabbit antimouse immunoglobulin as the second.
Fluorescein isothiocyanate-labeled antimouse immunoglobulin was diluated 10-fold and rat monoclonal antibodies 10-fold.
The cells (3 x 10i to 1 x 10') were put into the V-bottomed tubes and centrifuged at 1500 rpm for 3 rnin. After centrifugation, the cell pellet was suspended in 100 gI of RPMI-1640 media with 2.5% fetal calf serum and 0.1% NaN3 or the first layer of antibodies. After incubation for 30 min at 4°C, the cells were washed three times and suspended in 100 R1 of the second layer of antibodies. The cells were washed twice with RPMI-1640 media with 2.5% fetal calf serum and 0.1% NaN3 after 30 min of incubation at 40 C and suspended in 0.3 to 1.0 ml of RPMI-1640 media with 2.5% fetal calf serum and 0.1% NaN3.
Preparations of these cells were observed under a fluorescence microscope. The percentage of positive fluorescent cells in each specimen was determined by the examination of at least 100 cells ( figure 1 ). The percentages of T cells and subsets were obtained by subtracting the percentage of B cells from those obtained after staining with each monoclonal rat antibody and fluorescein isothiocyanate-labeled rabbit antimouse immunoglobulin. Experiment II. Inbred C3H/He mice (n = 28) 3 weeks of age were inoculated intraperitoneally with 0.1 ml of viral suspension containing 3 x 10i pfu/0.1 ml. After confirmation of the presence of myocarditis, hearts were sectioned into two equal cross sections, and on days 7, 14, and 30 one-half of the heart was processed for immunohistologic study. The other half was processed for virologic study.
Six micron sections were cut from the frozen blocks on a cryostat at -20°C, placed on glass slides, air-dried for 1 hr, and fixed in 95% cold methanol. Cell surface markers were demonstrated in situ by 3,3'-diamino benzidine tetrahydrochloride immunoperoxidase staining17 with the use of the same series of monoclonal rat antimouse alloantigen antibodies as in experiment I for the first layer of antibodies and peroxidase-conjugated rabbit antirat immunoglobulin (DAKO Company) for the second. In addition, infiltrating B cells were stained by a rat monoclonal antibody, Bet 1, which reacts specifically to the allotypic marker of mouse immunoglobulin M. Sections were counterstained with Mayer's hematoxylin (Fisher) or methyl green (Sigma), dehydrated, and mounted in Permount (Fisher) under a glass coverslip. Two hematoxylin and eosin sections in each heart were also stained by use of a commercially available kit (Cryoperm, Fisher). Control sections were treated with phosphate-buffered saline for the first layer of antibodies. Control sections enabled us to verify the absence of any contaminating cross reactions and the accuracy of the method.
For quantitation of lymphocyte subsets, the sections were examined by one examiner in a blinded fashion: the number of lymphocytes in each section that were stained by each monoclonal antibody was recorded along the total number of nucleated cells, and the percentage of stained lymphocytes was then calculated. This process was repeated for each lymphocyte focus, defined as an average of 50 or more lymphocytes. For isolation of virus, the hearts were homogenized, and 1% suspensions in Eagle's minimum essential medium were prepared. After centrifugation at 1500 rpm for 15 min, 0.1 ml of each supernatant was inoculated into tube cultures of VERO cells containing 3.0 ml of Eagle's minimum essential medium supplemented with 3% fetal calf serum. The tubes were watched for 5 days for the appearance of a characteristic cytopathic effect. Statistical analysis. Statistical analysis of the data was gerformed by analysis of variance with multiple comparisons. A probability value of less than .05 was considered indicative of a statistically significant diference. All results are expressed as the mean + SD.
Results
Experiment I (table 1). The incidence of gross myocarditis was 100% (124/124). Table 1 summarizes the results of experiment I. No lymphocytes were recovered from normal hearts by the Ficoll gradient method.
In the peripheral blood of infected animals the percentage of B cells was increased on days 3 (p < .05, vs day 0), 7, 14, and 30. The percentages of Thy 1.2 +, KISHIMOTO et at.
Lyt 1 +, and L3T4 + subsets on days 3, 7, and 14 were decreased significantly compared with those in controls. Percentages of Thy 1.2 + and L3T4 ± subsets on day 30 remained lower than those in controls (both p < .05). The percentages of Lyt 2 + subset on days 7 and 14 tended to be low, but did not differ significantly from control.
In the spleen, the percentage of B cells was increased on days 3 (p < .05), 7, 14, and 30. The percentages of Thy 1.2+, Lyt 1+, and L3T4+ subsets on days 7 and 14 were decreased significantly compared with control values (each p < .05). The percentage of Lyt 1 + subset on days 3, 7, and 14 tended to be low, but not significantly so. On day 30, there were no significant differences in the percentages of each subset compared with the control values.
In the myocardium, approximately 30% to 40% of the cells were of the Thy 1.2 + subset and about 15% were B cells on days 7 and 14. Lyt 1+ and Lyt 2+ subsets formed the main part of T cell subsets in the myocardium on days 7 and 14. Insufficient lymphocytes for typing by the Ficoll gradient method were obtained from the hearts on day 21. Total lymphocyte (lymphoid cell) counts of the peripheral blood, spleen, and heart per mouse are also listed in table 1. Although some decrease in the lymphocyte counts in the peripheral blood and spleen was found on days 7 and 14, statistical significance was not achieved.
Normal values of the percentages of lymphocyte subsets from noninfected and age-matched mice for this study (4-,5-, and 7-week-old male C3H/He mice) are listed in the Appendix; they are in almost the same range as those of noninfected and 3-week-old mice (table 1).
In summary, the percentages of Thy 1.2+, Lyt 1 +, Lyt 2 +, and L3T4 + subsets tended to be decreased in the peripheral blood as well as the spleen in the acute and subacute stages of coxsackieviral myocarditis, at a time when B cells were significantly increased. In the myocardium, approximately 30% to 40% of the cells were of the Thy 1.2+ subset, and Lyt 1 + and Lyt 2+ subsets formed the major part of the T cell subset.
Experiment II (table 2) . Virus was isolated from all the four hearts examined on day 7. On days 14 and 30, no virus was isolated from the hearts.
The incidence of myocarditis was 100% (28/28). The survival rate on day 6 was 53.6% (15/28) . On day 3, necrotic foci appeared in the myocardium with small mononuclear cell infiltration. After day 3, myocardial necrosis and inflammatory cell infiltration became more extensive. Extensive myocardial necrosis with calcification and mononuclear cell infiltration were most severe on days 7 and 14 (figures 2 and 3). Dilatation of the ventricular cavity became prominent and pleural effusion and ascites were noted at this time. The cause of death was congestive heart failure in each animal. On day 30, myocardial fibrosis was increased (figure 4). Mononuclear cell infiltration was decreased at this stage ( figure 4) .
The fraction of myocardial lymphocytes of each subset stained by immunoperoxidase at each point in time is listed in table 2. Immunohistologic study of the heart confirmed the results of experiment I in that most of the stained cells on days 7 and 14 were Thy 1.2, Lyt 1, and Lyt 2. L3T4-positive cells were relatively few in this period. On day 30, quantities of Thy 1.2-, Lyt 1-, and Lyt 2-positive cells were decreased; notably, on days 7 and 14 Lyt 1-positive cells were more prominent than Lyt 2-positive cells, but the latter became more prominent than the former on day 30. Bet 1-positive cells were quite infrequent on days 7 and 14, but were increased on day 30. There were no distinct differences in anatomic distribution of each lymphocyte subset in the diseased myocardium.
Discussion
The animal preparation of coxsackievirus B3 myocarditis shows a progression from viral infection to myocardial hypertrophy and fibrosis. A biphasic disease process results when mice are infected with coxsackievirus B3. During the acute phase, viral replication in the myocardium results in myocardial necrosis with inflammation during the first week. After the virus has been eliminated from the myocardium, a chronic inflammatory reaction results in progressive myocyte Values are mean ± SD. Values for day 0 were obtained from 3-weekold and noninfected C3H/He mice.
Cryostat sections were stained with monoclonal antibodies and horseradish immunoperoxidase technique. The percent of positively stained cells was determined in a blind manner. For Thy 1. damage and hypertrophy, ventricular dilatation, and heart failure.' There is a suggestion that the chronic phase results from cell-mediated immune responses to a neoantigen that develops during the acute phase of the illness. 26`30 In this study we clarified the serial changes in lymphocyte subset distribution in the heart, spleen, and peripheral blood in a murine preparation of coxsackievirus B3 myocarditis. Thus, it is evident that the study Vol. 77, No. 3, March 1988 of the site of inflammation yields clues as to the pathogenesis that are not evident in the peripheral blood. In addition, we present evidence that the distribution of peripheral and myocardial lymphocyte subsets may change in the course of the disease.
In experiment I of the present study, the percentage of Thy 1.2k (pan T cell), and especially the Lyt 1 iand L3T4 + subsets, decreased in the peripheral blood in the acute and subacute stages of disease. However, 
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Thy 1.2+ and Lyt 1 + subsets comprised the majority of the infiltrating cells in the myocardium in the acute and subacute stages of myocarditis. B cells in the peripheral blood were increased on day 3; however, the number of B cells in the myocardium was small on days 7 and 14 These data indicate that specific antigenic markers on lymphocytes at the site of inflammation in the acute stage of the disease differ from those of the corresponding peripheral lymphocytes, and suggest that Thy 1.2k (pan T cell), most of which consists of Lyt 1 and Lyt 2+ cells, may be involved in the development of myocarditis in this animal preparation. Thus, it is possible that the transient decrease in the subsets in the peripheral blood may reflect their accumulation in the diseased myocardium. Indeed, Reyes and Lerner29 have speculated that, during infections, sensitized lymphocytes migrate toward the sites of infection.
By immunohistologic analysis (experiment II), the majority of the mononuclear inflammatory cells in the A diseased heart of C3H/He mice on days 7 and 14 were identified as Thy 1.2 positive (pan T cell); most of them were Lyt 1 and Lyt 2 positive. Thereafter, T cells and their subsets were decreased and B cells (Bet 1 positive) were slightly increased on day 30. In addition, the results of experiment II may explain the previous findings that the severity of myocardial damage in T celldeprived BALB/c mice infected with coxsackievirus B3 was less than that occurring in intact BALB/c 20 mice. In fact, Woodruff and Woodruff30 reported that the severity of myocardial necrosis and cellular infiltration in the coxsackievirus B3-infected, antithymocyte serum-treated, and T cell-deprived mice was significantly less than that occurring in either intact mice or thymectomized, irradiated mice that had been reconstituted with both thymus and bone marrow cells.
Especially in antithymocyte serum-treated mice, the hearts showed only infrequent small foci of myocardial necrosis and inflammation. 30 In encephalomyocarditis virus murine preparation, it was also found that T cells Differences in percentages of myocardial B lymphocytes between experiments I and II may be due to methodologic problems; in experiment I, some macrophages and surface immunoglobulin-bearing cells may have reacted positively to rabbit antimouse immunoglobulin, but in experiment II, Bet 1 only reacted to mature B cells.24 Differences in percentages of myocardial L3T4 + lymphocyte in the two experiments may be due to the same problem. We used two different techniques to measure lymphocyte subsets in the inflamed myocardium, the Ficoll (cell suspension) technique and the histologic (immunoperoxidase) assay. Thus, it is reasonable to consider that the degree of expression of positivity may depend on both the Vol. 77, No. 3, March 1988 characteristics of a given monoclonal antibody and the assay system used in the study.
With regard to the precise assigned functions of each murine lymphocyte subset, the Lyt 1+ and Lyt 2 + subset is possibly the precursor of other T cell subsets, and has been demonstrated to be an alloreactive and syngeneic cytotoxic lymphocyte subset in addition to the Lyt 1 and Lyt 2P subset. The Lyt 1 + and Lyt 2-subset is not only a helper/inducer in antibody and cytotoxic lymphocyte inductions, but also an effector of delayed-type hypersensitivity, in which many lymphokines and monokines are involved.23 The L3T4t subset is the activated helper Tcell.34 So-called null (non-T and non-B) cells are also found. Although further studies are needed, the behavioral differences of T lymphocyte subsets in the myocardium demonstrated in this study might reflect the responses of the host to the virus, as already evidenced in the lymphocytic choriomenigitis virus system in which the H-2 complex is only one of the several genes involved.
However, we have to recognize that different pathogenic mechanisms may be involved in the de-velopment of coxsackievirus B3 myocarditis according to the characteristics of the host; Guthrie et al. 36 reported that cellular mechanisms, especially the Lyt 2 ± subset, contribute to the development of myocarditis in BALB/c mice, but that humoral mechanisms (antiheart antibody) are primary factors in DBA/2 mice.37 Reduced suppressor T lymphocyte activity and deficiency of natural killer cell activity have been noted in the peripheral blood of patients with dilated cardiomyopathy and myocarditis.4 ' 5, 8, 9 However, our findings suggest that the study of the inflammatory site may reveal clues to pathogenesis that are not revealed by the study of peripheral blood. In clinical settings, it may be better to consider what role(s) each T lymphocyte subset plays in the pathogenesis of viral myocarditis with the use of endomyocardial biopsy studies.1, 38 The importance of studying inflammatory site lymphocytes also has been reported in rheumatoid arthritis, 14 kidney allograft rejection, 15 sarcoidosis, 6 and Sjogren's syndrome, 17 in which lymphocytes infiltrating the target organs were shown to differ from those in peripheral blood. It is conceivable that the complex series of immune reactions, including T cell-mediated cytotoxicities26 and delayed type hypersensitivity, directed to the infected virus may aggravate the disease process, adding to concomitant virus-induced damage.
Elucidation of the exact immune process after the viral infection might shed light on the possible mechanism of the transition from myocarditis to dilated cardiomyopathy.
In conclusion, our study demonstrates that the distribution of myocardial and peripheral lymphocyte subsets may change with the course of myocarditis, and that specific lymphocyte subsets at the site of inflammation in the acute stage of coxsackievirus B3 myocarditis differ from those in the corresponding peripheral lymphocytes. The disease state may result from selective homing of lymphocyte subsets to the inflammatory site or the clonal expansion of the subset in response to a particular antigen in the myocardium. In either event, our results emphasize that theories of pathogenesis of viral myocarditis must include consideration of the role of myocardial lymphocytes. It seems that myocardial Thy 1.2+ (pan T cell) and Lyt 1 + and Lyt 2+ (immature T cells and precursor of other T cells) subsets had a pathogenic role in the development of myocarditis in our experimental preparation.
